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Abstract
Background: Stroke affects 15 million people worldwide every year and leaves two-thirds of 
survivors with signifi cant mobility defi cits including reduced walking speed, increased unevenness of 
step length and asymmetry. Haptic cues, which utilise sensory stimulation and so are unaffected by 
visual or auditory interference could discreetly improve the gait of people after stroke. Therefore, the 
objective of this single mixed methods case study was to evaluate the use of a novel haptic device in 
a single participant after stroke.
Context and purpose: After initial familiarisation, gait symmetry, walking speed and cadence 
of a 69 year old male stroke survivor were recorded using a Qualisys Motion Capture system whilst 
he walked on a ten metre walkway, fi rstly without and then with a haptic device on each leg, which 
provided a metronomic rhythmical vibratory cue. The participant then provided a user evaluation of the 
devices using a semi structured interview. 
Results: The haptic device was evaluated positively by the participant although he noted it needed 
to be refi ned to increase its wear-ability and acceptability for everyday use. Whilst gait speed and 
cadence remained unaltered, there was a 14% improvement in temporal gait symmetry when wearing 
the haptic device, suggesting it improved this aspect of gait. 
Conclusion: Whilst limited by its design, the fi ndings of this single case study indicate that the 
haptic device could be a novel technology-based therapeutic adjunct to improve gait symmetry after 
stroke. It also provides key understanding of user needs which can be used to guide the development 
of a new prototype device for stroke survivors.
Brief summary: Many stroke survivors have residual mobility problems. Haptic cueing may improve 
walking by providing a tactile cue that the participant follows to improve symmetry. This single case 
study suggests that gait symmetry could be improved by haptic cueing and indicates factors affecting 
the wear ability of such a device.
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in 6 men will have had a stroke by the age of 75 [4], and in high 
income countries, 50% of strokes occurred in people over the 
age of 75 years [3]. Many stroke survivors are left with marked 
mobility defi cits including reduced balance and signifi cant gait 
asymmetry [5]. Consequently many older people who have had 
a stroke report reduced community mobility, which can lead to 
low activity levels, social isolation, a loss of sense of self and 
can precipitate a range of health problems [5-8], including an 
increased risk of falls [9]. In turn, these can reduce the ability 
of older individuals to remain independent in the community, 
increasing care burden and reducing their quality of life.
Rehabilitation of gait after stroke often includes forms of 
Abbreviations
GPS: Gait Profi le Score; RC: Rhythmic Cue
Background
Each year, over 15 million people have a stroke and it is 
second largest cause of death worldwide [1,2]. In many countries, 
the majority of stroke survivors will be older people and the 
number of stroke survivors over the age of 75 has increased by 
over 113% just in the last two decades [3]. Age is the single most 
important risk factor for stroke and the incidence of stroke 
doubles with each decade over 55 years [2]. 1 in 5 women and 1 
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rhythmic cueing which harnesses entrainment processes in the 
central nervous system [10]. Entrainment is the mechanism 
by which an individual can follow and reproduce rhythmical 
stimuli, for example, tapping along to a beat [11]. Rhythmic 
auditory cueing has been shown to be effective in improving 
walking symmetry after stroke, although its effectiveness is 
limited when there is environmental noise [12,13]. Haptics, in 
which a sensory stimulus is provided by touch rather than sound, 
have been used in people to compensate for sensory defi cits 
and have been recognized to provide a useful training cue in 
groups with minimal sensory impairments [14]. Haptic cueing, 
in which a rhythmic cue (RC) is provided by vibrotactiles worn 
next to the skin, is unaffected by environmental noise but is 
likely to utilize entrainment processes and so could provide an 
effective alternative cueing device for community ambulation. 
If this device can be developed to be acceptable to people after 
stroke, it may provide a technology-based solution to improve 
mobility and wider quality of life, particularly for older people 
after stroke. Therefore, this single case study aimed to evaluate 
a novel, prototype haptic device that deliver RC in a participant 
after stroke. 
Materials and Methods
A repeated measure design was utilized. The participant 
(D) was a right handed, 69 year old male who had sustained 
a single unilateral, haemorrhagic stroke 43 years ago. He was 
able to walk for at least 20 metres and for 5 minutes without 
the use of a walking aid but reported persistent problems with 
balance, mild sensory loss and an uneven walking pattern. He 
was independent in all activities of daily living (ADL), scored 
53 from 56 on the Berg Balance scale and 14 from 15 on the 
Rivermead Mobility Index (he could not run) [15,16]. 
D attended for testing over two days after giving informed 
consent. His gait was evaluated using the Qualisys Motion 
Capture system, comprising eight optoelectronic cameras, 
sampling at a frequency of 100 Hz. The trajectories of 20 
markers placed on anatomical lower limb landmarks, and 4 
additional tracking clusters placed on the right and left shank 
and thigh, using a modifi ed Calibrated Anatomical Systems 
Technique model (CAST), were collected and smoothed using a 
fourth order zero lag Butterworth low-pass fi lters, with a 6 Hz 
cut off frequency [17].
Each haptic device contained a computer, Wi-Fi chip, 
accelerometer and powerful low-latency vibrotactiles. These 
devices, designed by The Open University, produce a stimulus 
similar to a mobile phone’s vibration setting and can be 
programmed to provide a RC based upon an individual’s usual 
walking speed [11], the haptic device was fi tted to both lower 
limbs (Figure 1). The location of the haptic device was chosen 
based upon the patient preference and to avoid blocking the 
movement analysis markers.
The participant completed a minimum of fi ve walks on a 
ten metre walkway whilst wearing the devices, but with no 
haptic stimulation (familiarisation). He was instructed to walk 
at his own pace.
On the second testing visit, kinematic data was recorded 
again, fi rstly with the haptic devices switched off (test 1) and 
then with them turned on (test 2). 
The haptic rhythms ‘cues’, transmitted by a host computer, 
were calculated from the participants step cycle at their usual 
walking pace from the fi rst assessment using: 
   1 1000Cueing Frequency beats min  60     xaveragetimebetweenheel strikes ms
This indicated that a stimulus would be delivered every 
505 milliseconds on alternating legs. The intensity of the 
haptic devices were increased so that the participant could feel 
the vibration but it was not too strong to be uncomfortable. 
After additional familiarisation (either walking on the spot or 
sitting and marking time to the rhythm) and a short rest, the 
participant was asked to ‘follow the rhythm’ as he performed 
a minimum of fi ve walks whilst motion data were captured. 
The participant was then interviewed by one researcher 
(JT) and asked about wearing the haptic device, the sensation 
of the device, any effects, and whether he felt that it could be 
useful for people after a stroke. 
Ethical approval for the study was gained from MMU ethics 
committee (Reference Number: 1263). 
Analysis
Visual 3D software(C-Motion inc, Germantown, USA) was 
used for processing the data. Overall temporal asymmetry was 
calculated using: [18].
paretic swing stance symmetry
Overall Temporal Symmetry
non paretic swing stance symmetry

Figure 1: Image to show haptic device and vibrotactiles (without gait analysis 
markers in situ). The haptic device is the black box on the posterior calf. The 
vibrotactiles are shown positioned on the lateral aspect of the lower leg below 
the knee.
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Normative values are between 0.9-1.1; a score of greater 
than 1 indicates a tendency to rely on the non-paretic limb [18].
Spatial symmetry was calculated using: [18].
non paretic step length (m)Overall Spatial Symmetry paretic step length (m)
The Gait profi le score (GPS) was also calculated as defi ned 
by Baker et al., [19, 20]
Results
During the non-haptic condition (test 1), D demonstrated 
marked temporal asymmetry (Table 1) with over use of the non-
paretic leg during gait. When wearing the haptic device (test 
2), there was a 14% decrease in asymmetry with an associated 
small decrease in the GPS, as shown in Table 1. There were no 
changes in spatial symmetry, velocity or cadence between tests 
1 and 2. 
User evaluation
On interview, DH stated that he found the device to be “very 
good for the brief time it was operating”. He felt that it worked 
as it: “acts in its own way as a bit of a reminder to get or to help 
me with rhythm”, and it “helped with the rhythm, you know of 
walking, rather than anything else really”. 
Whilst fi nding the devices comfortable to wear, he did note 
some limitations, highlighting their size as a barrier to use in 
the long term: “…it’s obviously a prototype so there is a lot of 
refi nement to be done with regards to size….. you don’t want 
to feel that someone will stare at you because you’ve got these 
things on”. Similarly, the investigators noted that battery life 
and reliable wireless capability required development in order 
to increase the portability of the device.
Discussion 
This was a single case study evaluating the use of novel 
haptic devices that delivered RC on the gait of an older stroke 
survivor who had a stroke over 40 years ago. Whilst the 
fi ndings of this study are limited by its design, they provide 
indications of the acceptability of these novel devices, their 
potential effects and highlight areas for development. 
The participant demonstrated problems with his walking 
despite being several decades after his stroke. The fi ndings that 
his walking speed was 86% of ‘normal’ [18], and he was unable 
to run suggests that D was typical of many people who do not 
regain their previous level of mobility after stroke. He had 
also developed several compensatory strategies when walking 
by overusing his non-paretic limb so that he demonstrated 
notable gait asymmetry [18], which is common in many older 
people [21]. Whilst these compensations do allow continued 
functioning at some level, they can also predispose individuals 
to reductions in bone mineral density on the paretic side, the 
potential for overuse of the non-paretic limb and increases the 
risk of falls [9,22]. These problems can necessitate hospital 
admission and reduce the ability to live and function in the 
community.
Whilst wearing the haptic device seemed to have no effect 
upon spatial symmetry, cadence or gait velocity, D exhibited 
improvements in the temporal symmetry of gait after only a 
brief familiarisation period, despite being several decades after 
his stroke. As the cueing frequency of the haptic devices was set 
at the frequency of D’s usual walking pace, it is not surprising 
that they had little effect upon his cadence and gait velocity. 
However, the changes seen in temporal symmetry after only a 
brief familiarisation period indicates that the RC provided by 
the haptic devices could improve walking effi ciency and quality 
whilst they are being worn. 
As others have shown that gait asymmetry can contribute 
to an increased risk of falls, these fi ndings could indicate 
that the use of haptic devices on an everyday basis and in 
the community may potentially reduce the risk of falls with 
associated benefi ts to the individual and cost savings for 
healthcare services [9]. Furthermore, the haptic devices could 
also have a role in improving the walking of older people who 
have not had a stroke but who commonly demonstrate reduced 
gait symmetry [21]. 
Based on the participant’s feedback, the rhythmical cues 
provided by the haptic devices were well tolerated. In the 
device used in the current study, the intensity of the cue could 
be altered so that it was effective but comfortable for the 
participant which was a useful feature. 
The use of RC utilises entrainment models in which 
rhythmic vibrations synchronize motor responses into stable 
time relationships [23]. Entrainment is the distinctly human 
ability to follow or reproduce a rhythm and differs from 
stimulus response in that it does not exhibit any delay [24]. The 
ability to follow a beat involves activity in supplementary motor 
and premotor areas, the basal ganglia and cerebellum [25]. In 
healthy adults, entrainment to RC has been demonstrated after 
only a few repetitions of a rhythm [24]. However, this ability 
has not been fully investigated in older people nor in people who 
have sustained damage to their brain, for example, after stroke. 
A novel fi nding of this study is that the participant appeared to 
achieve entrainment in a similar time period to healthy people. 
This fi nding is confi rmed by the responses to cueing seen in 
other patient groups [14], and supports the development and 
future evaluation of haptic devices for people with gait defi cits 
after stroke. Based on the use evaluation provided in this 
study, key refi nements should include reduction in the size of 
the device so that it can be worn more discreetly and greater 
portability to facilitate its use in the community. 
Table 1: Participant’s spatial and temporal variables without and with the haptic 
device.
Test 1 - No 
Haptic 
Test 2 - Haptic 
on
% change [1-(test 2/test 
1) x 100]
Mean gait velocity (ms-1) 
1.19 
1.18
1
Cadence (steps min-1) 116 116 0
Spatial symmetry 1.06 1.06 0
Temporal symmetry 1.2 1.05 14
Gait Profi le Score (GPS)
9.3 9.0
3
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Conclusion
This study is the fi rst to evaluate the effects of haptic 
devices on the symmetry of gait in a person after stroke with 
consideration of the views of a user of the device. Whilst the 
results of the study are limited by the single case design, the key 
fi ndings suggest that the haptic device could alter the temporal 
symmetry of walking after only a brief familiarisation period 
and so, if appropriately developed, could provide a method of 
improving walking in stroke survivors at home.
The current prototype is limited as it is not able to be used 
for longer periods of time in the community nor is it easy to 
don and doff. Further refi nement of the haptic device, based on 
the user’s evaluation participant’s feedback from this study, 
is now required to improve its portability and acceptability to 
potential users. Once the prototype is further developed, larger 
scale trials are necessary to evaluate their effectiveness and 
effi cacy, in both the short and long term, for people after stroke. 
Future research could also focus upon using the device as a 
training adjunct to physical therapy to maintain improvements 
between treatment sessions [14]. 
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